Cystic fibrosis (CF) is an autosomal recessive disorder that affects approximately one of every 2500 live births (Caucasian). The CFTR gene was cloned in 1989 and to date over 1500 mutations linked to CF have been identified (The Hospital for Sick Children, http://www.genet.sickkids.on.ca/cftr, accessed May, 13, 2008) . In 2001 the American College of Medical Genetics (ACMG) and the American College of Obstetricians and Gynecologists (ACOG) recommended CFTR mutation carrier screening be offered during pregnancy or in anticipation of a pregnancy to couples who were non-Jewish Caucasian or Ashkenazi Jewish. 1 A panel of 25 CFTR mutations with an allele frequency Ն0.1% in the general U.S. population was recommended for screening. The recommendation was updated by ACOG in 2005 to offer screening to all couples regardless of race or ethnicity. 2 In 2004, the mutation screening panel was revised to 23 mutations 3 and the ACMG developed a recommended newborn screening panel that included CF. 4 In response to these initiatives both CFTR testing volumes and the available commercial platforms for testing have undergone extensive growth.
Suggestions for more standardization and the expansion beyond the recommended CF testing panels have generated much discussion in the genetic testing community. 5 Although inclusion of additional CF alleles does not significantly increase the detection frequency in European Caucasians, many commercial reagents and platforms exceed the recommended ACMG/ACOG 23 mutation panel. Two out of the four Food and Drug Administration-cleared CF assays exceed the recommended screening panel, suggesting that platform manufacturers perceive a competitive edge for screening additional CF mutations.
Reference materials are needed for test development and validation, lot-testing of new reagent batches and for performance evaluation (proficiency testing/external quality assessment) programs. In addition, international, federal, and state regulations and professional guidelines require the use of reference or quality control materials alongside patient samples, 6 -11 The Centers for Disease Control and Prevention-based Genetic Testing Reference Materials Coordination Program (http://wwwn.cdc.gov/dls/genetics/rmmaterials/default. aspx, 05/13/2008), together with the clinical genetics laboratory community initiated a project to obtain and characterize additional publicly available cell lines and genomic DNA reference materials for CF genetic testing. These materials supplement the available characterized genomic DNA reference materials, which cover the recommended mutation screening panel. When we began this study, the National Institute of General Medical Sciences Human Genetic Cell Repository at the Coriell Cell Repositories already had cell lines covering the 23 alleles recommended by ACMG/ACOG, which were characterized previously by DNA sequence analysis (Coriell Cell Repositories, Camden, NJ). We selected additional alleles commonly included in commercial CF reagents that are not included in the 23 ACMG/ACOG alleles but are present in relatively high frequency in ethnic populations, 3 alleles that were already available from Coriell but that had not been independently confirmed and alleles representing polymorphisms that could interfere with detection of F508del (c.1521_1523delCTT), which is one of the 23 alleles recommended by ACMG, and a mutation that could interfere with the detection of S549N (c.1647GϾA), an allele common in some ethnic populations. Six cell lines were selected from those existing at Coriell and nine new cell lines were created specifically for this project. DNA samples were prepared from these cell lines by Coriell. The CF alleles in these materials were confirmed by testing in six volunteer laboratories using a variety of assay platforms, including DNA sequence analysis. We also documented the previously unpublished characterization of DNA from a number of other Coriell CF cell lines. These genomic DNA samples are publicly available from Coriell and can be used for quality assurance, assay development, and validation, as well as for proficiency testing. The availability of these reference materials will support accurate clinical CF testing.
Materials and Methods

Cell Line Creation and DNA Preparation
After patient testing, residual whole blood containing CF mutations was sent to the Coriell Cell Repositories, under an existing institutional review board research protocol at the collection site, for Epstein-Barr virus transformation of B-lymphocytes as previously described. 13, 14 All samples were placed into culture and expanded to yield approximately 2 ϫ 10 8 total viable cells. The culture medium was antibiotic-free to increase the likelihood that contamination would be readily detected. The cell suspension was dispersed in 40 1-ml vials so that each contained 5 ϫ 10 6 viable cells. Cultures were cryopreserved in heat-sealed borosilicate glass ampoules and stored in liquid nitrogen (liquid phase). Successful cultures were free from bacterial, fungal, and mycoplasmal contamination and were viable after cryopreservation in liquid nitrogen, as evidenced by a doubling of the cell number within four days of recovery. Approximately 2 mg of DNA was prepared from each of the selected cell lines by Coriell Cell Repositories using Gentra/Qiagen Autopure per manufacturer's instructions (Valencia, CA) or previously described methods. 15 
Laboratory Selection
A total of six clinical genetic laboratories that offer CF testing volunteered to participate in the study. Laboratories were solicited based on their current CF assay methods, so that each of the DNA samples was tested by all of the commonly used platforms. The assay method used, alleles included in this study, and whether or not they can be detected by the assay are shown in Table 1 . The assays used in this study detect the 23 alleles recommended by ACMG/ACOG as well as additional CF alleles. All of the laboratories are located in the United States and have CLIA certification or are accredited by the College of American Pathologists (CAP).
CF Assays Used in the Characterization Study
The assays and platforms used in this study are as follows:
Luminex Tag-It CFTR 40 ϩ 4 Platform The Tag-It CFTR 40 ϩ 4 Mutation Detection Kit (Luminex Molecular Diagnostics, Austin TX) simultaneously screens for 40 mutations and four variants. Briefly, genomic DNA was amplified and alleles were discriminated using allelespecific primer extension and hybridization to a universal microsphere array. Genotypes were detected on a Luminex 100 IS System and called using the proprietary TM Data Analysis Software as previously described. 16 
Asuragen Signature 2.0 CF Expand Platform
The Asuragen Signature 2.0 CF Expand reagents (Asuragen Inc., Austin, TX) simultaneously screens for 44 mutations and four variants. Genomic DNA was amplified in a single multiplex PCR reaction using fluorescently labeled primers. The PCR products were denatured and hybridized to allele-specific oligonucleotides coupled to Luminex x-Map Beads (Luminex, Austin, TX). Genotypes were detected on a Luminex 100 IS System and called using the proprietary Signature Script software. 17 
Laboratory Developed Test on Luminex Platform
This proprietary method for the detection of 97 CF mutations includes the amplification of genomic DNA followed by allelic discrimination using allele-specific primer extension and hybridization to a universal microsphere panel. Genotypes were detected on the Luminex 100 xMAP system and assigned using TM Data Analysis Software. Alleles on multiplexed microspheres were resolved by bidirectional sequencing.
Third Wave CFTR InPlex Platform
The CFTR InPlex (Third Wave Technologies, Madison, WI) assay detects 38 clinically relevant mutations and six variants. Briefly, genomic DNA was amplified using an abbreviated PCR and the products (15 L) were added to the CFTR InPlex cards containing fluorescent resonance energy transfer cassettes to detect the mutations after isothermal signal amplification. Results were read on a plate reader and genotypes were called by the Invader ® Data Analysis Worksheet software. 18 
Abbott/Celera Oligonucleotide Ligation Assay Platform
The Abbott/Celera oligonucleotide ligation assay reagents (Alameda, CA) detect 31 clinically relevant mutations and six variants. Briefly, genomic DNA was amplified by PCR and the products were subsequently used in the oligonucleotide ligation assay reaction. The oligonucleotide ligation assay products were detected on the Applied Biosystems, Inc. (ABI) 3100 Genetic Analyzer and interpreted using the ABI CF Genotyper software (Foster City, CA).
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DNA Sequence Analysis
DNA sequence analysis was performed in two different laboratories. One laboratory used Big Dye terminator chemistry with detection on an ABI3100 and/or ABI 3730 Genetic Analyzer. Primers were designed to amplify the exons containing the mutations under standard amplification conditions. Sequencing was performed in the forward and reverse directions and compared with a normal in-house control. The second laboratory performed DNA sequence analysis as previously described. 20 
Protocol
Each of the six testing laboratories received one 50-g aliquot of DNA from each of the 15 CF cell lines tested. The expected CF allele(s) in each of the samples were not revealed to the laboratories except to those who were performing DNA sequence analysis (laboratory staff was told which exons to sequence, but blinded to the specific mutation). The laboratories assayed each DNA sample using their standard assay methods (Table 1) . One laboratory performed testing of the DNA from the cell lines using two different CF assays as it was validating a new platform at the time of the study. These results were sent to the study coordinators (LVK and VMP), who examined the data for quality and discrepancies. 
Additional Alleles Characterized
In addition, several DNA variants present in the publicly available cell lines, which were not specifically targeted in this study, were confirmed by DNA sequence analysis performed previously at the Wadsworth Center, New York State Dept. of Health. These cell lines and the alleles that they contain are indicated in Table 2 .
Results
Twenty-three cell lines ( The fifteen experimental cell lines containing the 16 additional alleles were chosen for study based on the submitter's description of the CF mutation present. Six pre-existing Epstein-Barr virus-transformed lymphoblast cell lines were selected from the National Institute of General Medical Sciences Repository at the Coriell Cell Repositories (GM07857, GM11285, GM11287, GM11288 GM07732, and GM11370; Table 3 ). Nine new CF cell lines described in Table 3 (GM20737, GM20741, GM20745,  GM20836 , GM20925, GM20928, GM21551, GM20924, and GM20929) were generated for this study.
Since the purpose of this project was to develop characterized reference materials that will be useful for many possible applications, we wanted to ensure that the characterization of these materials was as comprehensive and included as many assay platforms as possible. We compared the alleles detected in all commercially available CF reagents/platforms and selected those with the ability to detect the alleles included in our study. Some of the commercially available reagents/platforms (eg, from Osmetech and from Nanogen) were not used in this study because they detect primarily the ACMG/ACOG 23 panel, and not the additional alleles included in this study. We also included DNA sequence analysis and a laboratory developed assay based on the Luminex platform (LDT, Table 1 ) because of the ability to detect additional CF mutations. Clinical genetics laboratories performing CF testing using the various reagents/platforms were recruited to participate in this study. The assays used by the participating laboratories and the alleles detected by each are indicated in Table 1 .
The results of this study are summarized in Table 3 . The expected genotype of each DNA sample was confirmed by all assay platforms designed to detect the alleles. The genotype of each DNA sample, and the number of laboratories/assays that detected each allele, and the published population frequency of each allele, are shown in Table 3 . DNA from GM20928 and GM20929 was expected to carry the I506V (c.1516AϾG) allele based on information from the submitter. However, this variant was not present when DNA was tested on all four of the assay platforms capable of detecting it. In addition, DNA sequence analysis did not detect the I506V (c.1516AϾG) allele in either cell line. No falsepositive or other discordant results were reported among the laboratories.
Additional CF Alleles Characterized
A panel of DNA from 23 cell lines representing the 23 CF alleles recommended by ACMG/ACOG is available from Coriell (Coriell Cell Repositories, Camden, NJ). The mutations in some these DNA samples had been confirmed by analysis in numerous laboratories as part of the project that created them. 23 Alleles in the remaining ACMG/ACOG 23 samples and DNA samples from some additional CF cell lines (not included in the ACMG/ACOG 23) have been characterized by DNA sequence analysis (4) 444delA (3) 1812-1GϾA (4) 0.05 § /0.02% ¶ GM20737 c.1040GϾA (6) Wt (6) R347H (6) wt (6) 0.06% ¶ GM20741 c.3744delA (6) Wt (6) 3876delA (6) wt (6) 0.03% ¶ GM20745 c.1647GϾA (6) Wt (6) S549N (6) wt (6) 0.14% ¶ GM20836 c.3773_3774insT (5) Wt (6) 3905insT (5) wt (6) 0.12% ¶ GM20925 c.1646AϾC (5) Wt (6) S549R (5) wt (6) 0.12% § GM20928 c.1521_1523delCTT (6) wt (6) F508del (6) wt (6) 66.31% ¶ GM21551 c.1521_1523delCTT (5) c.1519AϾG (4) F508del (5) I507V (4) 66.31% ¶ /no data GM20924 c.223CϾT (2) Wt (5) R75X (2) wt (5) no data GM20929 c.1521_1523delCTT (5) wt (5) F508del (5) wt (5) 66.31% ¶ GM07732 c.1521_1523delCTT (3) c.178GϾT (3) F508del (3) E60X (3) 66.31%/0.12% ¶ *All cDNA sequence change HGVS nomenclature is based on the GenBank cDNA reference sequence NM_00492.3. † Number of laboratories that successfully detected the mutation. ‡ CTFR mutation frequency among clinically diagnosed cystic fibrosis individuals in a pan-ethnic U.S. population. § See Reference #21. ¶ See Reference #3. Cell line was tested for I506V mutation; however, the mutation was not detected and all laboratories reported as not detected (wt) instead.
(reported in this work). These results are summarized in Table 2 . , and 3905insT (c.3773_3774insT)] were selected for study. These alleles were chosen because they were included in several targeted CF platforms currently available on the market, were in pre-existing Coriell cell lines or because of their increased prevalence in some ethnic populations. All platforms capable of detecting these mutations were successful and all mutations were confirmed by DNA sequence analysis [with the exception of I506V (c.1516AϾG)]. We found no discordant results among six different laboratories using seven different methods.
Conclusions
In addition to characterization of 14 non-ACMG/ACOG 23 CF alleles, we also present results of DNA sequence analysis that confirm the alleles in DNA from the Coriell MutCF-2 panel that had not been previously characterized, as well as from many other CF cell lines (Table 2) . Together with previously published data, all of the ACMG/ ACOG 23 alleles, plus many other clinically important CF alleles have now been characterized.
Included in this study were DNA samples from two different cell lines in which the submitter had identified the polymorphism I506V (c.1516AϾG). We were unable to confirm the presence of the I506V (c.1516AϾG) allele in either sample. Although this polymorphism is not clinically relevant, it is recommended by ACMG/ACOG as a part of reflex to confirm F508del (p.F508del) homozygotes. It is interesting that the DNA samples were purified from two cell lines derived from different patients. There are four possible explanations for this: 1) the submitter incorrectly identified the polymorphism; 2) there was a sample mix-up during the process of procurement; 3) the cell line was contaminated; or 4) the mutation was lost during the transformation process. The profile of the DNA isolated from each culture, using six highly polymorphic microsatellite markers, was identical to that of the original blood used by the diagnostic laboratory in detecting the original mutation and for establishing each cell culture at the Coriell Cell Repositories; therefore, it is unlikely that sample mix-up or cross contamination occurred during cell culturing or DNA isolation. It is possible that the I506V (c.1516AϾG) mutation was lost during transformation of these two blood samples or that the initial detections were technical artifacts. Regardless of the explanation for failure to detect the I506V (c.1516AϾG) mutation in DNA from these two cultures, the observation together with published reports of high frequencies of cell line crosscontamination 24 and dramatic changes in cell cultures during extended growth in cultures 25 highlight the importance of characterizing DNA obtained from cell lines before its use in research, or as a reference material in assay development, validation and/or proficiency testing. Although cell repositories such as Coriell have extensive procedures to assure that their cell lines are maintained free of microbial contamination and that they are identity matched to the original sample submitted. The genetic information that the repository provides to users is largely dependent on that provided by the submitter, investigators who use the samples or external verifiers (Coriell Cell Repositories, Camden, NJ). The major goal of the GeT-RM program is to develop newly characterized genomic DNA reference materials and to confirm the genotypic information provided by the submitters of publicly available cell lines and genomic DNA materials. That said, it is still necessary for users of any DNA and cell lines purchased from repositories or otherwise obtained to confirm the genotype and characteristics before use. 26 The documentation provided by this and other GeT-RM characterization studies brings to the forefront the availability and use of characterized materials for quality assurance purposes.
CF mutation analysis is used for a variety of clinical indications including, but not limited to, carrier testing for an individual with a family history of CF or based on population risk, diagnosis of an asymptomatic newborn or infant, identification of familial mutations in a diagnosed individual, or prenatal diagnosis for a high-risk fetus. Since the advent of the ACMG/ACOG recommendations in 2001, CF mutation testing has grown in volume, commercially available platforms/reagents, and performing laboratories. Many commercial reagents and platforms exceed the ACMG/ACOG 23 mutation panel. Of the 11 currently commercially available reagents and platforms, over half (6/11) exceed the number of recommended ACMG/ACOG mutations. This includes two out of the four in vitro diagnostic devices (Food and Drug Administration-cleared assays).
The ACMG/ACOG CF mutation panel was created to screen healthy individuals to determine carrier status. It was not designed to identify affected individuals. Since the recommendation for CF to be added to newborn screening, testing for additional mutations that may be at an increased frequency in certain ethnic groups may be warranted. We do not advocate expansion of screening panels beyond those recommended by the ACMG/ACOG and recognize that testing for some of these alleles may result in only a modest increase in the detection of CF carriers in Caucasian populations. However, we characterized additional alleles as described to help laboratories obtain reference materials covering panels on the market to ultimately assure the quality of the testing process.
Several types of reference materials are publicly available for CF genetic testing in addition to the cell lines and genomic DNA described here. Three companies have developed synthetic DNA controls for CF testing; Molecular Controls, Inc., 27 Maine Molecular Quality Control, Inc. (Food and Drug Administration-cleared) (Maine Molecular Quality Controls, Scarborough, ME) and AcroMetrix (Benicia, CA) manufacture control materials that cover all 23 of the ACMG/ACOG recommended alleles as well as other commonly assayed alleles. Synthetic controls are useful because they contain multiple alleles in a single sample, and thus provide efficient and cost saving quality control materials. Some commercially available synthetic CF controls are designed to control for the DNA extraction step as well as for the analytic portion of the assay. While cell lines and patient DNA are less efficient for quality control use, genomic DNA represents a material that closely resembles a patient sample in terms of DNA complexity and composition.
These genomic DNA reference materials are now characterized and are useful for quality assurance, proficiency testing, test development and research. Overall, their use will help to ensure the accuracy of CF genetic testing. The CF reference materials, as well as other materials developed by GeT-RM, are available from Coriell Cell Repositories. More information on this and other projects is available at the GeT-RM website: http://wwwn.cdc.gov/dls/genetics/rmmaterials/ default.aspx.
